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ALUMINUM-CHLORINE BATTERY

Introduction:

Work on electrochemical systems was begun in the Seiler Labcratory
in 166k, The obiective of this program is to develop advanced electro-
chemical power supplies characterized by high power per unit weight and
high power per unit volume.

Early in the program it was decided to concentrate the efforts on
the aluminum-chlorine electrochemical couple using molten aluminum
chloride~sodium chloride mixtures as the electrolyte.1 Some of the
more important reasons for this decision are these:

(1) The aluminum~-chlorine system has a high theoretical energy
density. Taking the voltage of the aluminum-chlorine couple to be 2.2
voltsf the theoretical energy density is 6CC watt=hours per pound of
alurinur and chlorine consumed.

{2} The aluminum electrode is capable of high current densities
withcut pelarization or passivation. In practice, current densities as
high o3 T30 =a'ex® have been demonstrated.1
‘. veactive materials are inexpensive and relatively easy
to heud.e. sluniaum can be obtained in high purity and can be easily
formed tc the desired shape. Chlorine, although toxic, can be stored
convenierntly s a iiguid below 1449C, the critical temperature.

During iu: initial phases of work on the aluminum-chlorine system,
the principal efforts were devoted to studying t! e proverties of pure
aluminum c>loride. of aluminum chloride~sodium chloride melts, and of
electrodes dippinrg inte these melts, Basic physical chemical measure-
ments ave [-ntiweivg gt the present time. In 1970, it was discovered

that 2 cenesrrvauion cell using aluminum electrodes aud aluminum

1. L.A., Xizg. LD, Brown, Jr, and F,H, Frayer, "High Energy Density
Electroceharizel Cells,'" Proceedings of the Third OAR Research
Applicetions Conference, March 1968, Vol. 1, p. J-1.

*  This voltage is approximately equal to the potential measured for

the reaction of alurinum with chlorine in an aluminum chloride-
sodium chleride =~elt saturated with respect to sodium chloride;
the measurenen: is discussed in detail on pages 17 through 21,
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chloride-sodium chloride electrolytes can develop porsvrzials as high

2,5 ’)4'

as 2.5 volt, The Bibliography contains a complz:z=z lis: >I publi-

cations which have resulted from the work to date.

Description of Cells:

To date, nine different cells have been constructec zné t:sted in
the laboratory. Since all the cells were similar ip weozt rocrects, one
ce’l (designated #802-1%) has been selected for detailed description,
The characteristics of the remaining eight cells will “e described only
ingsofar as they differ from those of Cell Number 802-13.

1. Cell Number 802-13, Cell Number 802-13% is illustratel by

Figure 1.

a. Aluminum Electrode. The aluminum electrode was a 130 c¢m long

riece of 0.032 inch diameter "Baker Analyzed'" reagent aluminum wire. The
slectrode was formed into a spiral approximately 25 mm in diameter and
ag¢ connected to the external circuit by an additional piece of aluminum
wire sheathed in Pyrex* tubing.

b. Chlorine Electrode, The chlorine electrode consisted of a

spiral of Alpha Inorganics 3n5 0,050 inch diameter tungsten wire immersed
in a mixture of finely powdered graphite and electrolyte. The spiral

was formed from wire heated to redness in a gas-air flame. The oxide
layer formed on the surface of the tungsten was remecved electrochemically
in a cell having an aluminum chloride-sodium chloride electrolyte., The
¢lectrolyte in the chlorine electrode compartment was almost completely
i=robilized by the graphite powder. The graphite present, 4.8 grams,
songvituted approximrately £ perceunt by weight of the graphite-electrolyte
rixture. The graphite was prepared by grinding large flakes of the type

tvpiiglliy used as a dry lubricant.

&. A,A, Fannin, Jr., L.,A, King aand D.W, Seegmiller, "A Lightweight
High Energy Batteryv," Proceedings of the Alr Force Systems Command
171 Science and Enginecering Symposium, 5-7 October 1471.

T.A, King, D.W, Seegmiller and A.A. Fannin, Jr., "Aluminum High

Energy Density Concentration Cells," Air Force Research Review,
No. %, May-December 1971, p. 8.

L, A.,A. Faanin, Jr., L.A, King and D.W, Scegmiller, "Chloroaluminate
Equilibria in A1Cl3-NaCl Melts," J. Electrochem. Soc,, 11J, &0l (1972).

A

*  Registered Trademark of the Corning Glass Works.
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Figure 1. Typical Laboratory Cell
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c. Electrolyte. The electrolyte was a molten saturated solu-
tion of sodium chloride in aluminum chloride. At the tewperatures of
interest, nominally ZOOCC, this solution contained very nearly 3T mole
percent of each of the two chloride salts. The electrolyte mixture weas
prepared by mixing L0.0 grams of "Baker Analyzed" reagent A1Clg with
20.0 grams of '"Baker Analyzed" reagent NaCl. The excess sodium chloridz,
slightly over two grams, was allowed to collect in the bottom of the =e'l.

d. Separator. An Alundum* (porous alumina) filter thimble,
porosity RA-360 medium, was used to separate the two electrode compart-
ments. The thimble had a length of 90 mm and an outside diameter of
18 wmm.

e. Assembly. The cell was assembled in a 35 mm OD, 31 mm ID
Pyrex tube., The Alundum separator was supported by glass beads placed
in the bottom of the cell; this arrangement prevented the separator
from resting on the undissolved excess sodium chloride in the bottom of
the tube. The graphite was placed inside the separator; a Fyrex wool
plug, placed in the top of the separator, prevented the graphite from
being spattered out of the separator during electrical charging of
the cell. The tungsten coil was completely immersed in the graphite-
electrolyte mixture in the chlorine electrode compartment. The entire
assembly operation was conducted in a dry box.

€. Cell Number 801-11, Initially the chlorine electcode compart-

meat of Cell Number 801-11 contained one gram of Nuchar** C-1:°N de-
colorizing carbon; later one gram of graphite was addvd, Twe current
collectors were tested im the chlorine electrede compariwent of this
cell: a platinum foil and a 1/ inch diameter Natioualxﬁ* spectro-
scopic grade graphite rod (tungsten was not used in this cell). The
platinum was rapidly attacked by its environment and not used again in

subscquent cells., The graphite rod also was eroded by the enviroument.

* Registeved Trademark of the Norton Company.
*#¥  Trademark of the Westvaco Corporation,

¥¥%  Registered Trademark of the Union Carkide Corporation.

L




3, Cell Number 801-23%, Both tungsten and 1/4 inch diameter

graphite rod current collectors were tested in the chlorine electrode
compartment.

L, Cell Number 802-12, Initially the chlorine electrode compart-

ment of Cell Number 802-12 contained only one gram of graphite, and a

1/L inch diameter graphite rod current collector was used. After several
cycles, 2.L grams of the graphite rod had been eroded, giving the chlor-
ine electrode compartment a total graphite content of 3.4 grams. At

this point the graphite rod was replaced with a tungaten current

collector.

5. Cell Number 802-2%, Cell Number 802-23 designed to investigate

the feasibility of using a chlorine trapping medium other than graphite,
had 1.5 grams of Nuchar C-190ON decolorizing carbon in place of the
graphite in the chlorine electrode compartment,

i, Cell Number 802-28: Cell Number 802-28 had an electrolyte

solution containing 40 mole percent sodium chloride.

7 Cell Number S07-12, Cell Number 807-12 had an anode consisting
of a cylinder of commercial aluminum tubing with an ID of 9.4 wm and

a height of %1 mm. The cell was operated at a temperature of 17:%.,

Experimental Parameters:

1. Temperature. The cells, except for Cell Number 80712, were
operated at a nominal temperature of 209C i{n a fused salt bath con-
sisting of a ternary cutectic mixture of NaNO,, KNO, and NaNO:.

<. Electrical Charging. Electrical charging was accomplighed by

impressing a reverse potential on the cell. The nominal open circuit
charging voltage was 3.0 volts, and was not carefully regulated.

3. Electrical Measurements. Veltage measurements were made using

a voltage divider network and a calibrated strip chart recorder. The
impedance of the measuring cirvcuit was . megohm.

L, Charge - Discharge Experiments. A typical charge-discharge

experiment consisted of a series of charge-discharge cycles, and

followed the format iundicated by Table 1.




tA31E 1, FORMAT OF CHARGE-DISCHARGE EXPERIMINTS.

Cycle Length ol Cravging Lergth o7 DUo: -
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In cach casc, the load applied during the discharge phase as the

same, viz., .78 chms.

Voltzage, vs. Current Experiments. Voltage vs. curren:t cwperi-

ments were coaducted by applving calibrated loads tc the cell and
monitcering the veltages developed under the various loads. These

vp¢riments were usually conducted using cells that had been pre-

4]

vivuslv charged for 1¢ minutes or longer.

Experimental Results:

A brief summary of experimental results is contained in Tcble 2.

Cell Number SJ32-13. Cell Number 8C2-13 gave by far the best

ure - shows the results of a voltage vs. current exper-

i
I =

ot Tre fuct that the data fall on a straight line leads tc the

conctiusior that the cell btehaved ideally and may be considered to
maiut of conocant voltage source (the open circuit voltage) in
sowi & with 2 censtant resistance (the internal resistance). With

w7 tcrmallv applied lead equal to the internal resistance, the cell
deuz’oned fts maximum power, 4.2 walts.
5t ¢ =zeries of charge-discharge experiments with this
v Plgure . s oipected, significant improc ovont in
the dischzy o pnoriorrance was observed as the length of the clarging

Eﬁﬁg&k}\éa ()(>¥)§I

phase was increased.
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3 -
Cell # 802-13
Open circuit voltage: 2,55 volts
Internal resistance: 0.39 ochm
Short circuit current: 6. 56 amperes
2 -
§
W
1 -
O q v L] R ) BRI L A § v
0 1 2 3 4 5 6 7

| (amperes)

Figure <. (Cell Nunbev 80C-1%: Results of Voltage ve Current Experiment
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TABLE 2. SUMMARY OF EXPERIMENTAL PARAMETERS AXN? RESULTS
H
I CELL ELECTROLYTE CATHODE ALUMINUM
R
- NMBER  Y0TE 7 TOTAL  TYPE OF MASS OF — CURRENT A
NaCl MASS CARBON CARBON COLLECTOR (cm?)
. (grams) (grams) ‘
§01-11 50 None platinum 18.4
5C charcoal 1.0 platinum 18.4
charcoal 1.0
50 + + platinum 1&.4
graphice 1.0
charcoal 1.0] -
50 + + raphite 18.4
> graphite 1.0 grap
801-23 50 graphite 6.0 tungsten c0
50 graphite 6.0 graphite 20
Ete-12 50 graphite 1.0 graphite 8.1
50 graphite 3.4 tungsten 8.1
£02-1% 50 60 graphite 4.8 tungsten 8.1
L £72.22 50 52.5 charcoal 1.5 tungsten 8.1
22-06 40 5%.2 graphite 4.8 tungsten 8.1
80Lk~9 50 52.5 graphite 5.0 tungsten 8.1
806-18 50 87 graphite 5.0 tungsten 5.4
80/-12 50 20 graphite 5.0 tungsten 2h.5

Ehiioe K da



TABLE 2. (Continued)
CELL CHARGE-DISCHARGE EXPERIMENTS VOLTAGE vs. CJRRENT EXPERmmréT
NUMBER CHARGING VOLTAGE AFTER OPEN SHORT INTERNAL
TIME 3-MINUTES WITH CIRCUIT CIRCUIT RESISTANCE
(minutes) 5.08 ohm LOAD VOLTAGE CURRENT (ohms)
(volts) (volts) (amperes)
801-11 3 0.90
2 1.03
3 1.2k
3 1.96
g71-23 15 1.34
16 2.23% 2.29 3.6 0.66
8o2-12 16 2.20 2.58 k.00 0.65
30 2.20 2.61 3,58 0.89
802-1% 6l 2.33 2.55 6.56 0.39
802-23 16 0.92 0.58 1.43 0.40
802-28 16 1.83 2.07 3,52 0.59
8oL -9 32 2.04 2.54 3,45 0.74
806-18 2.54
8o7«12 Ok 2.7, 2.58 5.53 0.h7
Q



Cell #802-1%

E olts)

1.0 -+ A: 1.min. charge
B: 2 min. charge
C: 4 min. charge
D: 8 min. charge
0.5 - E: 16 min. charge
F: 32 min. charge

0.0 4 i L)
0 1 2 3

Time following initiation of the
discharge through 5.08 ohms
(min.)

Figure 7. Cell Number 802-1%: Results of Charge-Discharge Experiment
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Further analysis of Figure 3 suggests that at lezz% w2 ~vocesses

,

were occurring during the discharge. The first preocss< Iz rroresented
by Curve A and has an estimated open circuit voltage of abcut = voléé.
The second process was important for the early portics ¢f the dis-
charge following the two minute charge (Curve B} and for a lornger

time following the four minute charge (Curve C). For charéing times
greater than four minutes (Curves D, E and F) it would appear that

the second process dominated.

2. Cell Number 802-23. 1Instead of graphite, Cell Number 12-23

contained 1.5 grams of charcoal (decolorizing carbon) in the chlorine
electrode compartment. The results of charge-discharge experirents

are shown i1 Fignre 4, For the first five cycles (Curves A - E) the
cell behaved as expected. Note that the plateau is reached at a value
slightly below 1.0 volt compared with typical graphite containing cells
in which th- plateau is reached at a value above 2.0 volts,

The sixth charge-discharge cyclz (Curve F) gave unexpectecly ponr
results. No explanation for the apparent degradation between the
fifth and sixth cycles can be offered at this time.

A voltage vs. current experiment, conducted following the sixth
charpe-discharge cycle, indicated that the cell was not ideal. The
extrapclated open circuit voltage was 0.58 volts, which is clearly
inconsistent with the results of the charge-discharge experiments.

Altbough Cell Number 802-23 raised numcrous questions, its per-
formarce was so inferior te tnat of graphite containing cells that
no more charcoal-containing c¢-11s were constructed.

%, Cell Number 802-28, T nbjective of experiments with Cell

Number 802-28 was to study the effect £ changing electrolyte composi-
tion. In this cell, the electrolyte contained 40 mole percent sodium
chloride compared with the value for a saturated solution of 50 mole
percent, Figure 5 shows the results for a “ypical voltage vs.

current experiment. The behavior i Lound to be ideal, but the open
circuit voltage is about one half volt less than that developed by

cells having electrolytes saturated with respect to sodium chloride.

11
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L.5 CELL #802-23: A: 1 nin. charge
B: 2 min., charge
C: U4 nin. charge
D: 8 nin. charge
E

16 rin. charge

- E
w
&
i
o
Z
e«
0.0 1 1 )
0 1 2 2
Time following initiation of the discharge
through 5,08 ohms (min.)
1.5 -] CELL #802-23%: F: 32 min. charge
1.0
)
I
™
0
Z
%
005 -
0.0 ' 1
0 1 z A

Time following initiation of the discharge
through 5,08 ohms (min.)

Figure 4. Cell Number 802-2%: Results of Charge-Discharge Experiment
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2.0 CELL #602-28

Open Circuit Voltage: 1. 98 volts
Internal Resistance; 0,74 ohm
Short Circuit Current: 2. 69 amperes

& (volts)
.
f

0.0- , . .

i (amperes)

Figure 5. Cell Number 802-28: Results of Voltage vs Current
Experiment
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L. Cell Number 801-23, A series of charge-discharge experiments

was conducted with Cell Number 801-23 using a graphite rod as the
current collector in the chlorine electrode compartment. The final
cycle in this series consisted of a 122 minute charge phase followed
by a standard three minute discharge phase. Immediately after the
termination of this discharge, the cell was removed from the constant
temperature bath, allowed to cool to room temperature, and stored in

a dry environment at room temperature for 00 hours. At the conclusion
of this quiescent period, the cell was reheated. Prior to application
of a load, the open circuit voltage stabilized at 2.50 volts. A pro-
longed discharge was then begun under a load of 5.08 ohms. Table 3

briefly summarizes the result of this experiment,

TABLE 3. CELL NUMBER 801-2%: RESULTS OF PROLONGED DISCHARGE

TIME AFTER INITIATION
OF DISCHARGE (minutes) ¢ (volts) i (amperes)
0 1.88 0,372
9 1.75 0.345
52 1.60 0.315
58 1.20 0,237
e Q.75 0. 148
¢.38 Q.075
2 Q.31 OO0

5. Analveis of the Graphite~Electrolyte Mixture., Since it was

suspected that a compeund might have been formed between the graphite
and the chlorine, s sample of the graphite-clectrolyte mixture was
removed from Cell Number 8C1-2% just priec to cooling for the ¢Q hour
quiescent period. This sample was quickly cooled, ground, and sub-
jected to analvsis by Xeray diffractometry. The dominant materials
present were found to be graphite and NaAlCl,. There was alse a

small amouat of AICli. AlCIa 6Hz0 and NaCl were missing and there

4
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was no evidence for a chlorine-graphite compound. Although this experi-
ment is indicative, it cannot be considered conclusive since X-ray
diffractometry is not a particularly sensitive technique for the detec-

tion of trace amounts of compounds.

Discussion:

1. Expected Voltage. The observed open circuit voltage for the
cells which have been described is about 2.55 volts;‘iln order to
place this value in perspective, it is nec:ssary to examine the over-
all chemical reaction in terms of available thermodynamic and electro-

‘chemical data.

The overall chemical reaction can be written as follows:

Anode Reaction: 2Al(s) + GCI‘(A) - AIgCle(z)(A) + be (1)
Cathode Reaction: ¥Clu(g) + Ge™ = 6C1'(C) (2)
Transport Reaction: éNat + 6Nat (%)
(&) (c) -
o + 2Cleopt + ¢ + + 4017
Sum:  2Al(s) + 20l g} + ONa (a) 6¢1 (A)
4 ALl (1, +oNat, .+ fC1” (3)
N (a) (Q (¢) :
Iz these equations, the subscripts “(A)" and “(C)" imply that the
activitjes of the svbscripted species ave measured in the anode and
cathode compartments, vespectively.
The voltage for this reaction is then given by:
{(a. + ¥ (a ¥ {a )
Na ' cl- Al.Cly(#)
e PO % o (c) (¢ (a} ()
’ (a,+ 1 (a (e it
Na ’ - cla(g)’

I thi¢ equation, the a's represent activities and the f stands for

fugacity. The standard cell potential, #°, for this reaction depends

15
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saly on the free energy of AlnClg(g) at the temperature of interest,
and can be calculated from data given in the JANAF Thermochemical
Tables.” The following values were obtained by combining the enthalpy

of formation, AHf® of AlpCly with an interpolated value for the

298.15°
free emergy functiou, (GO - H0998 15)/T, at 175°¢,

141,82 Kcal/mole @ 175°C

[od
«
h
[}

1

£% = 2,050 volts @ 175°C

It is apparent from equation (5) that a variety cf factors enter
into the calculation of the expected voltage of the cell. It is
wsefnl to consider three of these separately: (1) The fugacity of
the chlorine, (2) the activity of the AlzCly, and (3) the relative

activiiies ¢f the Na+ and C1~ ions,

a. Fugacity of Chlorine. For a cell in which chlorine gas

ie hubhled cver an inert current collector, the fugacity of the
chlorine can be estimated from the pressure. In the case of cells
containing graphite, the fugacity can still be estimated provided

the partial pressure of chlorine in equilibrium with the melt ix
wncwm. Although preclige pressure data have not been obtained, it

has bevn ahserved that chlorine gas is released from the cathec
corpartiment during electrical charging of the cells. Based on

this chservation, it will be assured for the remainder of this
discusvion that the partial pressure of Cl; was equal to the pr.-
varling atrespheric pressure at the altitude of this laboratery, i.c.,

approximately ¢O7 torr. Beuative (&) can then be reduced to:

fa. e ¥ (a.,. ¥ (a o F o !
- Na¥, ; -G .
o WAL ) €y MGl (1
FRRRTN - xS ¥ {a. ' )ﬁ a - }G
Na' . \
‘1) “m

at !° Cend - 7 torr.

y.  JANAF Thermochemical Data, The "w Chemical Company, Midland,
Michigan. The data for Al.Cly( /' are dated 20 June 177>, Note
that, in the liquid phase, alumi--un chloride is essentially
completely dimerised.
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b. Activity of AlpCly. The influence of the acti- .1+ oI

AlzCls can be studied by assuming that the cell has no sevzrzior.
Under these circumstances, the two electrode compartrments have equal
sodium ion activities and equal chloride ion activities, and Equation

(€) can be further simplified to

148, 15R

£= 2085 - =5 "B tactg(2)

at 175°C and £2. torr.

Fannin, King and Seegmiller have studied the structure of sodium
chloricde-alurminum chloride ‘'melts at IYSOC.A Using their data for
aAlgCle\!)’ expected voltages for a cell without a separator have
been calculated and are listed in Column 5 of Table 4. These data
are shown graphically in Figure 6. Notice that the effect of increas-
ing the mcle fracti-n of AlClg in the cell is a small decrease in the
expected cell veltage.

¢. Activities of the Na¥ and C1” lons. The importance of the

activities of sedium and chloride ions can best be illustrated by
assuming that the cell has a separator, that the composition of the
electrolyte in the aluminum electrode compartment is fixed by the
presence of excess NaCl, and that the electrolyte in the chlorine
electrode compartment has a variable composition. The expected
voltages can ¢ calculated using Equation (6) and the data of Fannin,
King and Seegrmiller.” The results are summarized in Column ¢ of
Table » and displaved graphically in Figure 6. As expected, the

cell voltage stead’'y increases as the concentration difference
becomes more proeavo-ed  The voltage increment due to the difference
in electrolyte compesition between the two clectrode compartments

can be readily obtained by subtracting the value in Column 3 from the

correspunding vaiue in Column ¢ of Table .

&.  Experimental Measurement of rC. Because theve is some

uncertainty attached to the standard cell potential, e°, for the
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aluminum chloride formation reaction,

2A1(s) + 3Clna(g) + AlaClg () (8}

it was decided to determine this value experimentally. Direct
reasurement of £C is difficult because of the fact that pure molten
AlCl, is an insulater; the relatively high vapor pressure of AlClg
contributes additional experimental difficulties. By contrast, the
formation reaction can be studied with ease in an electrolyte con-
sisting of a saturated solution of NaCl in AlCls. Rewriting Equa-

tion (5) for experiments carried out in a cell without a separator:

a

o RT . Al-Clg(2)

£ =¢ - TF @ . s ()
cl:(g)

g <

Since the activity of Al:Cly is knoun from other experiments, &Y can
be calculated from the experimentally determined valtage of a cell

having no separator,

The cell used o establish €9 had an aluminum anode, an clectrolyte
consisting of a saturated selution of NaCl in AlCly, and an ambient
pressure Cl. gas elecvtrode. Two different current collectors were
vsed a1 the chlorine electorde compartment: A spectroscopic grade
graphize rod and a tungsten wire. The cell was operated at 17 * 1%,
Voltage meagurements were made with a Dsta Technology Curporation
digital veltmeter having an input impedance f 1089 ohie.  The

value obtaived, .17 volts, was independent of the type of cathede
current collector used, and remained stable indefiniteiy. During the
period of measutements, the Cl: pressure varied with prevailing atmox-
pheric pressure {rom 77¢.¢ to » 2> 1 torr. This variation in pressure
cerresponds to a theoretical variation {n mcasured voliage of AR IE AN
velt.  In the case of the graphite vod current collector, « period of
approximately &Wf hours elapsed before a stabilized voltage was
achieved. In ovder to assure that the reversible value had {n fact
heen obtained, a charging current of &0 milliamperes per squarte centi-

meter was applied for 3. minutes. At the conclusion of the charging

period, the voltage rapidly stabilized st the previocusly observed
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value. When the tungsten current collector was used, equilibrium
was achieved in a much shorter period »f time - - about 12 hours.

Using the value for the activity of 3lzCl, reported by Fannin,
King and Seegmillerh (see Column 2, Table 4) and a chlorine fugacity
of C.768, a value of 2.029 volts is chteined for €. Within experi-
mental error, this value is equal t¢ that calculat ed from the JANAF
data.

Using the experimentally determined value for °®  a new set of
expected voltages can be calculgted using Equaticn (=) and the data
of Fannia, King and Seegmiller.L The results are summarized in
Columns 7 and 8 of Table 4 and displaved graphically in Figure O.
The voltage increment due to the differences in electrolyte composi-
tion can be obtained by subtracting the value in Column 7 from the

corresponding value in Column 8 of Table &.

%. The Observed Voltages.

As indicated by Table &, most of the experimental cells exhibited
open circuil voltay s between 2.5 and 2.¢ volts. Since these observed
open civcuit veltages are substantially higher than the voltage expected
for a cell without a separator (see Columns % and 7 in Table &), it
can be ceoncluded that there was a significant concentratien diffcrence
between the electrolytes in the two electrode compartments. The magni-
tude of thiz concestration difference §5 indoubt since the value of
the standard cell potential is not knoewn with certaingy; two cises
{i.e., #€ e 2 750 volts and £@ = _ o2 volts) are treated in detatl in
Table 4.

The cencentration difference is created during the electrical
charging of the cell. Two factors make the development of the concen-
tration differvace possible: (1) Priecr to electrical charging, the
electrolyte in the chlorine electrode compartment, although saturated

in NaCl, centains no excess NaCl; and (C) sodium ion is the principal

ionic charge carrier. During charging, sodium ion migrates frar the

A |




chlorine electrode compartment into the aluminum currartment thus
depleting the NaCl content in the ¢~ "orine electrode rompartment and
creating the concentration difference between the twc compartments.

The charge-discharge experiments are indicative of the fact
that a concentration difference is developed during charging. Figure
3 suggests that at least two processes are imporktant during the electri-
cal charging process. The process which involves development of the
concentration difference seems to be first evident during the two
minute charge (Note the step wise discharge behavior suggested by
Curve B and clearly displayed by Curve C.) and to be increasingly
important as the chargiug time is increased.

The experiment with Cell Number 802-28, which had an electro-
lyte containing only 40 .oule percent NaCl, further supports the con-
tention that a conce.  alion difference is developed during charging.
Although small c¢rnrenftration differences were doubtless developed
during electric: charging of Cell Number 802-28, the aluwinum electrode
cempartment ¢ould not achieve on elecirolyte composition saturated with
sewpeet to NaCl., As a consequence, a large erhancement of the open
cvirvcuit voltage nould not have been observed. 1In fact, the largest
openy ¢.reult vaeltage observed for this cell was 2.25 volts.,

L. Nature of Cathode.

It is of interest to speculate as to the nature of the cathode
in these celis. The following facts can ve essembled:

d. The current which can be drawn from a cell is essentially
independent of the surface area of the tungster wive. Considew, for
example, Cell Number 8OZ<10B. Using a straight tungsten wire curreat
collector with a surface area of 1.2 em®, the short circuit current
was %, 5 amperes; thus the curver' density st the tungsten wire was
2,7 amperes/cem”. By cemparisen, Cell Number 80L-9 used a spiral
tungsten wire current collector having an effective surface area of

s 2

1,87 ew®; the short cirvcuit current for this cell was virtually

identical with that for Cel) Number BO2-12W,

o
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b. Graphite and charcoal behave very differeatly when in the
chlorine electrode compartment, In the case of graphite, the ceil
behaves ideally and the wmeasured open circuit voltage equals the
value obtained by extrapoclation of the voltage vs. current curve.

By contrast, cells, containing charcoal do not behave ideally, and the
voltages obtained are significantly lower than those observed with
graphite~containing cells.

«. Tungsten/chiorine gas electrodes behave very dif7erently
from tungsten/chlorine/graphite paste electrodes. This fact has been
demonstrated by studying the behavior of a tungsten wire electrode in an
clectrolyte saturated with chlorine gas at a pressure of two atmospheres.
In this system, the tungsten electrode becomes severely degraded when
the cell is loaded such that the voltage drops below about 1.5 v. The
current density at which the degradation begins is about 10 ma/cm®,
based on the effective area of the tungsten cathode.

Based on these facts, it seems very probable that tie powdercd
gruphite, rather than the tungsten wire itself, is acting as the cathode.
Moreover, the electronic conductivity of the graphite is most likely
important and assures efficient transport of electrons from the tungsten
wire current collector to the electroactive sites on the surfaces of
the graphite particles.

. Temperature Dependence. The purpose of the experiments with

Cell Number 807-12 was to obtain data which could be compared directly
with "expected" voltages calculated for cells at 175°C. Within the
limits of experimental uncertainty, Cell Number 807-12 behaved in the
sane manner as the other cells at 200°c,

~. Possible Applications. A variety of possible applications can

be ima, .ned for the cell described in this report., Additional data
will have to be accummulated, however, before it can be said that the
cell is indeed suitable for any particular application,
There are twe characteristics of the cell which seem to warrant
further development of the system:
a. The ability of the ceil to deliver large currents, and
b. The ability of a cell cooled to room temperature to store

its energy for a significant length of time.
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